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Abstract: BiFeO3 (BFO) films on highly oriented pyrolytic graphite (HOPG) substrate were obtained
by the atomic layer deposition (ALD) method. The oxidation of HOPG leads to the formation
of bubble regions creating defective regions with active centers. Chemisorption occurs at these
active sites in ALD. Additionally, carbon interacts with ozone and releases carbon oxides (CO, CO2).
Further annealing during the in situ XPS process up to a temperature of 923 K showed a redox reaction
and the formation of oxygen vacancies (Vo) in the BFO crystal lattice. Bubble delamination creates
flakes of BiFeO3-x/rGO heterostructures. Magnetic measurements (M–H) showed ferromagnetism
(FM) at room temperature Ms ~ 120 emu/cm3. The contribution to magnetization is influenced by the
factor of charge redistribution on Vo causing the distortion of the lattice as well as by the superstructure
formed at the boundary of two phases, which causes strong hybridization due to the superexchange
interaction of the BFO film with the FM sublattice of the interface region. The development of a
method for obtaining multiferroic structures with high FM values (at room temperature) is promising
for magnetically controlled applications.

Keywords: BiFeO3; atomic layer deposition; perovskite structure; graphite surface; ferromagnetic
properties

1. Introduction

Recently, the demand for the use of multiferroics in various fields and products of nanoelectronics
has been growing steadily. One of the most interesting compounds in the form of a thin film is
bismuth ferrite (BFO) because of its electric [1], magnetic [2], piezo [3,4], ferroelectric [5], dielectric [6],
memristive [7,8] and optical [9–12] properties. In addition, BiFeO3/reduced graphene oxide composites
have excellent photocatalytic characteristics due to improved light absorption, an increase in the
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number of reactive centers and a low rate of recombination of electron–hole pairs [13]. In particular,
bismuth ferrite films are of great interest as a material capable of large energy density accumulation
(roughly ~ 70 J·cm−3) [14]. This makes BFO/graphene important for application as an electrode
material for supercapacitors. Another potential use is proposed by Zhenhua Qiao, et al. [15], where the
authors presented a calculation system for graphene adsorbed on the (111) BFO surface. The authors
proposed to realize the quantum anomalous Hall effect by the non-contact coupling of graphene
with an antiferromagnetic insulator, which provides both the broken symmetry of time reversal and
spin-orbit coupling (SOC). In [16], a strong connection between the structure and properties and its
reaction to external fields is demonstrated by creating defect centres in graphene-based materials.
Some theoretical works [17,18] show that the inclusion of SOC in the calculation induces large orbital
magnetic moments and involves switching magnetic anisotropy energy (MAE), apparently not only
the orbital moments, but also the spin moments can exhibit significant anisotropy.

Various substrates are used to obtain BFO films, including highly oriented pyrolytic graphite
(HOPG). HOPG is a material for graphene manufacture by mechanical peeling. Hyun Wook Shin
and Jong Yeog Son [19] presented the Graphene/BFO/HOPG capacitor structure obtained by pulsed
laser deposition and showed multiferroic properties, namely, ferroelectricity and ferromagnetism.
The substrate temperature in this case was ~ 1073 K, at which it was more likely that additional phases
would precipitate alongside the polycrystalline BFO phase [20]. In the work of Jiahua Zhu et al. [21]
it was shown that the magnetic field plays a decisive role in limiting the process of interfacial relaxation
and thereby enhances the capacitance of the electrode, using an external magnetic field can dramatically
increase the capacitance without replacing the material and structural modification. The interest in
BFO films is significant in comparison to bulk materials because of its spontaneous mechanisms of
switching and energy conservation [22]. There are many techniques for producing BFO films. BFO
films are produced by metal –organic chemical vapor deposition (MOCVD) in the temperature range
of 500–800 ◦C [23]. Another method of preparation is pulse-laser deposition (PLD) where the growth
temperature is about 650 ◦C [24]. Another method of magnetron sputtering that enables to obtain BFO
films exists, where the growth temperature is about 400 ◦C [25]. An easier way to obtain high-quality
and ultra-thin layers is the atomic layer deposition (ALD) [26,27]. The ALD method is also interesting
for its low-temperature (523 K) conformal film growth, where the nanocrystalline BFO layers with
ferroelectric polarization could be obtained [28]. It is well known that the nucleation of ALD films
of metal oxides on chemically inert sp2 carbon surfaces is a very difficult task. It was shown that on
untreated sp2 carbon surfaces, the nucleation of films can be observed only at lattice defects or the edges
of steps [29–34]. The heterostructure Bi25FeO40/rGO was obtained Wang Xingfu et al. [32], where the
BFO has phase transitions to the Bi25FeO40 phase with the predominance of oxygen. Research in
this work proposes to carry out annealing in vacuum to achieve the goal of obtaining BFO/graphene.
MA Jalil et al. [35], reported a bigger increase in the magnetization of a Bi25FeO40–rGO nanocomposite
obtained by the hydrothermal saturation method than of BiFeO3–rGO, the authors attribute this
to the suppression of the spin cycloid, a decrease in the size of nanoparticles with the additional
release of latent magnetization in the Bi25FeO40–rGO composite material in comparison with pure
BFO, which ultimately increased the Dzyaloshinskii–Moriya interaction. To enhance the magnetic
properties, BFO is doped with Ho and Mn atoms, such films were obtained by the traditional sol–gel
method, where the maximum magnetization reached values Ms ~ 60 emu/cm3 [36]. This enhancement
was explained by lattice distortions caused by the difference in ion sizes between the doping agent and
the matrix, the emergence of new exchange interactions, and the inhibition of the antiferromagnetic
spiral modulated spin structure.

This article presents the first preparation of BFO layers on a HOPG surface with the possibility of
its delamination into a graphene sublayer. We found that heat treatment in high vacuum promotes
the formation of a BFO/rGO heterostructure and delaminates the near-surface HOPG layers creating
local defects with the release of carbon oxides (CO, CO2). It is shown that the release of lattices of
oxygen creates vacancies that promote the growth of ferromagnetism (FM) in the heterostructure.
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An additional contribution of the superstructure at the film–substrate interface to the FM of the
resulting BFO multiferroic is discussed.

2. Experimental Details

A specific type and form of carbon structure is required for use in nanophysics and nanotechnology.
In order to obtain a thin, stable and smooth surface of the films, HOPG was used as a substrate.
This variant of carbon is produced through the pyrolysis of carbon-containing steam at high
temperatures of about 2300 K and subsequent annealing at a temperature of about 3275 K [37].
The resulting material forms an almost pure sp2 hybridized hexagonal structure with very strong
bonds in the graphene plane and weak bonds between planes, which allows relatively easy separation.
In this work, ZYA quality HOPG of 7mm × 7 mm dimensions (purchased from NT-MDT Spectrum
Instruments, Moscow, Russia) were used. ZYA brand has a mosaic distribution of 0.8◦ ± 0.2◦ and the
grain size is up to 10 µm.

To obtain a layer of amorphous bismuth ferrite on the HOPG surface by the ALD method,
tris(1-methoxy-2-methyl-2-propoxy) bismuth—C15H33O6Bi or (Bi(mmp)3) (Sigma-Aldrich, Schnelldorf,
Germany) was used as the Bi-containing organometallic precursor. The evaporation temperature
was in the range of 408–418 K. Ferrocene—Fe(C5H5)2 (Sigma-Aldrich, Schnelldorf, Germany) was
used as the Fe-containing precursor. The optimal evaporation temperature of ferrocene was 364 K.
For oxidation, O3 was introduced into the chamber through an ozonizer. A simple method for
producing graphene from HOPG by oxidation with ozone and at a low temperature (530 K) was
reported by M. J. Webb, et al. [38]. The purge was carried out using carrier gaseous N2, with a purity
of 99.999%. The substrate was placed at a distance of 4 cm from the inlet. The chamber heated up
evenly T = 523 K. The preliminary vacuum in the chamber was 10−3 torr. The purge gases at the outlet
were held at a constant temperature of 423 K. The process was carried out in 150 sub cycles with each
precursor in one technological mode. Figure 1 shows the sequence of the ALD process, where the
duration of the tBi sub cycle is 15.2 s and the tFe sub cycle is 16 s. At the beginning, the BiOx layer and
then the FeOx layer were obtained. The thickness of the Bi–Fe–O film was about ~ 40 nm. The result
was a modification of the graphite near-surface layer, containing graphene and a small amount of
oxygen and hydrogen. The mechanism occurs in our case during the obtaining of a BiOx layer at the
initial stage of growth. Figure 1 shows the resulting structure and the sequence of operations for the
synthesis of oxides in the BiOx–FeOx system on Highly Oriented Pyrolytic Graphite (HOPG).

Figure 1. Cont.



Nanomaterials 2020, 10, 1990 4 of 17

Figure 1. Sequence of atomic layer deposition (ALD) process including sub-cycles for bismuth and
iron (a), and a sample with dimensions of 7 mm x 7 mm and an SPM-scanned image of a portion of the
sample surface (b).

Liu Liwei et al. [39] note that δ-Bi2O3 can exist at temperatures below 473 K and undergo a
sequence of phase transitions δ→β→α with increasing annealing temperature above 473 K. In our
case, the bismuth oxide phase is already formed during the growth process, and the iron oxide phase
is still in the amorphous state. The occurrence of displacements in the film–substrate interface in the
presence of bismuth atoms was observed by Xueyong Pang et al. [40]. Due to the presence of weak
Van der Waals bonds between the layers, swelling and delamination (Figure 2) of the surface layers
occurs [41–43].

Figure 2. SEM image of the surface area of the bismuth ferrite (BFO)/HOPG structure, the enlarged
area on which the delamination of the BFO film from the substrate is visible.

The pretreated HOPG substrates and the resulting BFO/HOPG structure were studied using
scanning electron microscopy (SEM) (Helios, FEI, Brno, Czech Republic). The surface of the samples
was studied by Scanning Probe Microscopy (SPM). Using the time-of-flight secondary ion mass
spectrometry on TOF-SIMS5 set-up (IONTOF, Muenster, Germany), a qualitative analysis of the
sections of the samples in depth was carried out, and a distribution of Bi, Fe, C elements on the surface
was performed. Then, the X-ray photoelectron spectroscopy (XPS) (AXIS SupraTM, Kratos Analytical
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Ltd, Manchester, UK) method was used to study the binding energy of the constituent components
with the possibility of in situ heating to a temperature of 923 K.

3. Results and Discussion

3.1. Secondary-Ion Mass Spectrometry (SIMS) analysis

Depth profiling was performed by secondary-ion mass spectrometry (SIMS) and using a Bi+ 30 kV
analysis beam of 200 µm2 area used in imaging mode, and O2

+ 500 V for sputtering. The O2
+ beam

also have a signals intensity enhancing effect. The analyses were carried out at TOF-SIMS5 set up
(IONTOF). The resulting relative concentrations of Bi, Fe are presented in the figure. Yellow sections in
the picture with all the compounds of Figure 3 indicate the partially formed bismuth ferrite at 523 K.
Green sections indicate the amount of bismuth in the near-surface region. Figure 3 shows SIMS images
of the components Fe+, Bi+, C+ and their RGB composite image of a thermally untreated sample.
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image (a), an the combined image demonstrates the presence of BFO phase obtained in the process of
the film deposition (b).

Figure 3a shows the image of the etched area by detecting Bi+ and Fe+ ions, the arrows show the
places where these elements were mixed prior to the BFO phase: it is interesting that this phase was
mainly formed on the surface of more exfoliated film sections, probably associated with oxidative
reactions with the partial emission of carbon oxides. In the near-surface region, where the amount of Bi-
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prevails (green areas of Figure 3), the structure of Bi1+xFeO3 (x > 1) is formed [44]. There is a number of
formal oxidation states displayed by bismuth in its oxides, in particular 3+ (Bi2O3) and 5+ (Bi2O5) (and
mixed valence states 3/5+ (Bi2O4, Bi4O7)). In addition to these phases, the substoichiometric phases
BiO, Bi2O2.33 and Bi2O2.75 are also possible, but usually as impurity phases in Bi2O3. In addition,
bismuth tends to be reduced to a metallic state when heated or exposed to radiation [45]. Thus, it is
expedient to form a first layer with ALD BiOx for homogeneous mixing with the FeOx phase. As can
be seen in Figure 3b, part of the BiOx is located in the near-surface region, which is probably due to the
activity of bismuth to diffuse to the surface [46].

Delamination also confirms the fact that the observed spherical elements of the surface topography
are hollow and do not represent compounds of a different composition, except for the possibility of
forming a gas phase from adjacent compounds (CO, CO2, etc.). During the film deposition, ozone is
introduced into the chamber; it oxidizes the surface of HOPG and forms nanobubbles. It was also
noted by Sobola et al. that the oxidation of HOPG with HNO3 clearly forms bubbles over the entire
surface [47]. Thus, it can be noted that surface swelling is due to the oxidation process. Oxygen in the
structure is unevenly distributed, and it can be seen from Figure 3b O+ that there are areas with its
deficiency. Figure 3b FeO+ shows that iron oxide is also partially formed at the synthesis stage.

3.2. X-ray Photoelectron Spectroscopy (XPS) Analysis

To understand the reactions occurring between the components of the film and the substrate, the
samples were studied by XPS with the possibility of in situ heating. Annealing lasted for 5 min for every
used temperature. This study was conducted using the tool AXIS SupraTM (Kratos Analytical Ltd,
Manchester, UK), vacuum, which during the measurement was about 2 × 10−8 torr. The sensitivity of
this method is up to 5 nm. XPS spectra were taken several times from both processed and unprocessed
areas of the samples. We observed only a slight difference in the components proportion, which can be
caused by a non-homogenous distribution of bulking and delaminated areas. The type of chemical
bonding according to peak shapes is the same over the whole surface. The size of the investigated region
was 300 × 700 µm. Annealing was carried out for approximately one minute. Detailed information
about peaks was obtained by the subtraction of Shirley background using CasaXPS software. Figure 4
shows the XPS spectra of the sample before and after annealing.

Figure 4. XPS of the BFO/HOPG sample, below—before annealing, above—after annealing at a
temperature of 923 K. The main peaks characterizing the compounds formed during the synthesis
are noted.
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Figure 4 shows that, prior to annealing, BiOx is formed in the ALD process (523 K), in addition,
the bismuth precursor C15H33O6Bi consists of hydrocarbon ligands. At the initial stage, matrix carbon,
as a result of interaction with oxygen and BiOx, partially forms a bismuth oxycarbonate compound
(BiO)2CO3 in the film. Considering the SIMS results and the fact that bubbles [48] begin to form on the
film surface, the decomposition of bismuth oxycarbonate is probably the next step:

(BiO)2CO3→ Bi2O3 + CO2 (1)

In addition, excess bismuth in the film creates the Bi1+xFeO3 structure (at x > 1) (green spaces in
Figure 3). Then, during annealing, point defects in the form of oxygen vacancies Vo and bismuth VBi

′′′

are formed in the resulting structure, due to the volatilization of bismuth, which leads to a change in
the valence of iron. This can be written according to the notation Kröger–Vink [49]:

2BiBi + 3OO→ 2VBi
′′′ + 3VÖ + Bi2O3 (2)

2FeFe + OO → 2
(
Fe2+

Fe3+

)′
+ V ..

O
+ 1/2O2 (3)

For a detailed understanding of the reactions that occur during heat treatment in high vacuum
between the components of the film and the substrate, XPS studies of the sample were carried out with
the possibility of in situ annealing from 300 to 923 K (Figure 5).

After calibrating the spectra at the C1s position corresponding to the C–C bond (284.8 eV),
the positions of the high-resolution Fe, Bi, and O peaks were evaluated. Detailed information about
peaks was obtained by the subtraction of the Shirley background using CasaXPS software. Normalized
spectra are given in Figure 5a–d for a comparative analysis at different annealing temperatures.
The XPS spectra of Fe has 2p3/2 and 2p1/2 peaks, which can be fitted as two peaks for Fe2+ and Fe3+

(Figure 5a). As can be seen from Figure 5a, before annealing (300 K), the spin–orbit splitting already
occurs on the XPS Fe2p spectrum, which indicates the initial stage of the formation Fe–O crystallization.
Bi3+ oxidation state is observed at peaks 4f7/2 and 4f5/2 located at 158.2 eV and 163.5 eV (Figure 5b).
According to the literature [50,51], the largest peak of oxygen near 529.1 eV could be assigned to
oxygen in the BFO structure and the oxygen peak at 530.4 eV corresponds to dangling bonds of oxygen
(Figure 5c). Peaks at the binding energies of 710 and 724 eV represent a doublet of Fe 2p3/2 and Fe
2p1/2, which becomes more noticeable as a result of the gain of the spin–orbit interaction. In this
case, the energy of the spin–orbit splitting of the doublet is ~ 13.7 eV, in contrast with the theoretical
value (∆Fe2p) of 13.6 eV for Fe2O3 [51,52]. In addition, the peaks of Fe 2p1/2 and Fe 2p3/2 at high
temperatures are shifted by 0.9 eV and 0.5 eV, respectively. The redshift suggests a certain electronic
interaction between the BFO and rGO sheet [53] due to difference in the electronic configuration of
Fe2+ (d6) and Fe3+ (d5) ions. Satellite peaks are very often used to determine the chemical state of iron.
As can be seen from Figure 5a, all satellite peaks appear at 8–8.5 eV higher binding energy than the
corresponding main peaks in the experimental spectra of Fe2p. This result convincingly indicates the
existence of only the Fe3+ state for all samples, since the satellite peaks arise at a binding energy of 6
eV higher than the corresponding main peak for the Fe2+ state [54].

The narrow-band spectra of Bi4f level, characterized by the presence of a doublet peak consisting
of Bi4f7/2 (158.2 eV) and Bi4f5/2 (163.5 eV) are presented in Figure 5b. More detailed information on
the variation of Bi 4f peaks depending on the annealing temperature is given in Table S1. Although a
shift in the position of the peaks towards higher binding energies (159.2 and 164.5 eV, respectively)
is observed with increasing temperature, the energy of the spin–orbit splitting of the Bi4f doublet
remains unchanged (5.3 eV), which is in good agreement with theoretically calculated values (5.31
eV) [51]. The positions of the Bi4f peaks confirms the presence of the Bi3+ state in the sample and are
identified as a signal from Bi–O bonds [53,55], which is manifested on XPS at an annealing temperature
of 773 K. In this regard, the wide peak in the region of 532.2 eV in the O1s spectrum (Figure 5c),
which is detected at the annealing temperature of 673 K, can be attributed to superoxide bonds in
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the BFO film. On Bi4f XPS, a gradual shift of Bi4f peaks is observed as the annealing temperature
increases from 373 K to the high-energy region (starting from 164.1 eV for 4f5/2 and 158.8 eV for 4f7/2),
further from the annealing temperature of 723 K to 923 K, the spectra show a small shift into the
region of lower binding energies. This effect can be associated with the sequence of reactions 2,3.
In the region of 153.1–153.4 eV, a plasmon peak appears, probably associated with charging effects [56]
and the formation of the BFO phase with peaks in the region of 4f5/2 = 164.5 eV and 4f7/2 = 159.2 eV.
With an increase in the heat treatment temperature to 623–673 K, the energy of spin–orbit splitting
of f Bi electron gradually shifts to the region of high energies. This could be due to a change in the
valence state of Bi3+

→Bi5+, and with a further increase from 673 K the reverse shifts to Bi3+ occurs [57].
Additional oxygen ions are released by increasing the ratio Fe3+/Fe2+ at an annealing temperature ≥
623 K (Figure 5a). More detailed information on the change in the quantitative ration of Fe3+/Fe2+

depending on the annealing temperature is given in Table S1.

Figure 5. Cont.
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Figure 5. XPS BFO/HOPG structure: (a) high-resolution Fe 2p spectra; (b) high-resolution Bi 4f spectra;
(c) high-resolution O 1s spectra; and (d) high-resolution C 1s spectra.

Two regions are clearly observed in the narrow-band spectrum of C1s. They are characterized
by a small chemical shift depending on the temperature at binding energies of about 284 eV and
288 eV, respectively [58]. The broad peak with a binding energy of about 284.5 eV can be attributed
to the non-oxygen sp2 carbon C=C, which represents the structure of HOPG graphene layers [59].
The presence of a wide shoulder in the region of 285 eV indicates the bonding of carbon atoms with
oxygen in hydroxyl (C–OH) or epoxy (C–O) functional groups located in the basal plane of graphene
sheets, responsible for the presence of defects in the plane [60]. A peak in the region of about 287.8 eV
characterizes the bonds of carbon atoms in carbonyl groups (>C=O) [61], corresponding with COOH
functional groups, usually located at the edges of graphene sheets [62]. After 823 K, only one region
remains in the spectrum characterizing the non-oxygen sp2 carbon bond C=C, which indicates the
deoxygenation of the delaminated surface of graphene-like HOPG layers [63].
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Figure 5d shows the peak associated with the formation of C=O (at annealing temperatures up to
623 K), as well as its transitions to O–C=O in the region of 288.8–288.6 eV with increasing annealing
temperature. It was also observed during the formation of a thin layer of iron with the self-organization
of the Fe2O3 phase on the HOPG surface [64]. This is likely due to the catalytic properties of the
iron oxide itself [65], The sp2 intensity becomes almost invisible in the spectrum during annealing
at 673–773 K. This temperature range is also associated with the formation of the iron carbonate
phase FeCO3 [66]. This is due to the formation of a BFO film in the crystalline phase and the initial
stage of carbon reduction in the near-surface region. At an annealing temperature greater than 823 K,
a graphene layer with a cohesion energy of 284.5 eV is formed on the lower surface of the already
formed BFO film (Figure 5b). More detailed information on the change in the C1 peaks depending on
the annealing temperature is given in Table S1.

Peaks for the Fe–O and Bi–O bonds are around 530.1 eV and 531.8 eV, respectively, for all
temperatures [67,68]. Bi2O3 exists in several polymorphic modifications, and also as a material with
oxygen vacancies, such as Bi2O2.33 [69]. The peak near 531.3 eV grows up to 403 K, then decreases and
disappears, which indicates the formation of oxygen vacancies [70] and their growth with the release
of CO2 [71]. At the beginning, the FeOx amorphous phase turns into FeCO3 with increasing annealing
temperature, and then it partially converts into the Fe3O4 and into the BFO phases (Equation (4)):

3FeCO3→ Fe3O4 + CO + 2CO2 (4)

The final reaction in the solid-state process with the formation of BFO and carbon could be
continued as in Equation (5):

3Bi2O3 + 2Fe3O4 + CO→ 6BiFeO3 + C (5)

In the O1s spectrum in the region of ~ 532.2 eV, there is a wide peak characterizing the surface
defects in the BFO phase corresponding to Vo [72]. From the XPS analysis, it can be seen that when
annealed in vacuum, bismuth corbanate or bismuth oxide is not reduced to metallic, but forms a triple
compound with iron and oxygen, possibly due to the formation of oxygen and bismuth vacancies [73].
More detailed information on the change in O1 peaks depending on the annealing temperature is given
in Table S1. It can be assumed that obtaining Bi–O as the first layer and then Fe–O as the retaining
layer with further annealing in high vacuum forms a three-component structure BiFeO3.

3.3. Vibrating Sample Measurement (VSM) Analysis

Magnetic measurements were carried out using a vibrating magnetometer (Cryogen-Free High
Field Measurement System from Cryogenic Limited, London, United Kingdom) in which a linear
magnetometer vibrates a sample mounted on a rod. A magnetic field (up to 1 Tesla) is created using a
superconducting magnet with liquid helium. The sample oscillates with a frequency of 21 Hz near
the detector coil, where the induced voltage is amplified and detected, locking time constant at 0.3 s.
The measurements were carried out at a low 10 K and a room temperature of 300 K. In order to provide
information on the saturation magnetization and coercivity of the samples, hysteresis loops (M–H
curves) were constructed. This is done by measuring the magnetization (M) of the sample, depending
on the applied magnetic field strength (H) at a fixed temperature. The hysteresis loops are plotted
considering the antiferromagnetic (AFM) and weak ferromagnetic (FM) contributions. The M–H
magnetic hysteresis loops for the BFO/HOPG samples before and after annealing, measured at 10 K
and 300 K, are shown in Figure 5 when the magnetic field is applied in parallel to the sample surface.
It is known that BFO exhibits low-temperature ferromagnetic behavior [74], exhibiting hysteresis; one
way to verify this observation is to perform a measurement with cooling at low temperatures (10 K).
All BFO systems (bulk and thin-film) exhibit weak magnetization due to spin rotation caused by the
tilt of the oxygen octahedron, which is characteristic when the temperature drops below Neel.
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As can be seen in Figure 6a, the M–H hysteresis loop of the unannealed BFO/HOPG sample
practically does not change at room and low magnetization removal temperatures. A soft
ferromagnet-like behavior is observed, probably related to the obtained nanoscale structure, which
contributes to the appearance of small spin twisting in the structure of the AFM phase film [75]. It is
also partially associated with defective inclusions in HOPG formed at the stage of obtaining the ALD
layer (Fe–C bond) [76]. Magnetization as a function of temperature measured upon cooling in a field
of 200 Oe (FC) showed several features (Figure 6b): (1) as the temperature is lowered from 300 K to
10 K the magnetization monotonously decreases; a protrusion appears at 53 K characteristic to the spin
glass [77]; (2) heterogeneity in the area of 215 K can be attributed to the magnetic blocking mechanism
caused by the contention between the thermal energy and the energy of magnetic anisotropy; and (3) an
increase in the magnetization in the tail region at 300 K indicates a paramagnetic phase which is
characteristic for oxygen vacancies in the BFO film.

Figure 6. The hysteresis loop of the BFO/HOPG structure of the unannealed and annealed sample at
927 K, M–H dependencies recorded at room (300 K) and at low (10 K) temperatures (a); magnetization
as a function of temperature measured during cooling in the field 200 Oe (b).
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In addition, the nature of M–H can be affected by the diamagnetism (DM) of graphene layers in the
HOPG, which have different values depending on the direction of the applied external field, where ⊥ ~
950 (χ × 10−6) and ‖ ~ 85 (χ × 10−6). At the stage of the ALD process, upon the separation of the surface
region and the formation of bubbles, these values are mixed and form an intermediate state, which is
also associated with the nanoscale formed crystalline phase of the BFO film. A certain AFM(–FM)/DM
heterostructure is formed. It is likely that graphite layers affect the overall magnetization of the system,
which prevents the growth of film magnetization at low temperatures (10 K) of the unannealed sample.
The electronic subsystem of bonds –C=C, –C=O with the obtained film does not allow the AFM state
to twist in the film up to low temperatures (Figure 5). Probably, another factor affecting the overall
magnetization of the system is the spin–orbit interaction of the graphene layers on the underside of the
exfoliated film, which creates anisotropy by partially “blocking” the crystal field, and suppresses the
electron spin moment in the AFM phase of the film. It can be assumed that the magnetic properties of
the rGO sublayer compete with the spin magnetic subsystem of the BFO film.

The heat treatment of a BFO/HOPG heterostructure sample at 927 K induces the crystallization
of the deposited films of amorphous-like nature. After annealing, the BFO/HOPG structure behaves
differently showing a more significant FM character (Figure 6), the magnetization grows, and the
coercive force also grows from Hc = 12 mT to Hc = 49 mT due to the FM properties of the BFO
film (Figure 5). The origin of ferromagnetism in the BFO can be explained by the double exchange
interaction. According to the double exchange interaction, the electron transfers from Fe2+ to O2– and at
the same time, the electrons jump from O2− to Fe3+, thereby completing the electron transfer from Fe2+

to Fe3+. More and more theoretical and experimental works provide evidence that magnetic ordering is
closely related to Vo [78,79], where Vo additionally causes lattice distortion and leads to an increase in
FM. The enhancement of the FM state is likely to be a paradox resulting from the competition between
the orbital hybridization of Fe3d–O2p and the crystalline field of FeO6. When the interfacial region is
suppressed in one direction at the interface, the lateral MAE increases. In a recently published paper by
Pingfan Chen et al. [80], the enhancement of magnetic anisotropy and the violation of orbital symmetry
in manganite heterostructures is described at length. Authors Yan-Fei Wu et al. [81] reported the effect
of magnetic proximity in the graphene/BFO heterostructure leading to strong Zeeman splitting in
graphene with an exchange field of up to hundreds of tesla.

Thus, it can be assumed that the great part of the BFO/HOPG structure magnetization is due to two
reasons: the charge redistribution on Vo and the contribution of the exchange field of the superlattice
at the interface. A new magnetic configuration in the Fe3+ –O – Fe3+ sublattice in the BFO structure
caused by strong hybridization at the film / substrate interface creates a superexchange interaction with
the Fe–C superstructure [82]. An additional enhancement of the FM state at the BFO/HOPG interface is
likely due to the spin polarization of electrons in the carbon layer, forming a bond between the electrons
of the two materials [83]. The calculation of the FM state magnetization from the obtained values:
the saturation magnetization at room temperature Ms = V/M gives the value of Ms ~ 120 emu/cm3.

4. Conclusions

The atomic layer deposition method enables obtaining ultra-thin BFO multiferroic films on the
HOPG surface at low temperatures. In the process of synthesis, the HOPG surface is modified and
some bubbles and delaminated areas are obtained. According to the TOF-SIMS results, the good
miscibility of the BiOx and FeOx components was detected on the HOPG surface. During annealing in
vacuum, it was seen that the BFO film self-organizes and carbon is reduced. This two-stage method
(preparation and annealing) allows us to design high-quality structures based on multiferroic materials
with oxygen vacancies. Magnetic measurements showed a large increase in the magnetization of the
sample due to both the oxygen vacancies and superstructure properties formed at the BFO/HOPG
interface. At the film–substrate interface, a new magnetic configuration forms in the Fe3+–O–Fe3+

sublattice of the BFO structure, which causes strong hybridization due to the superexchange interaction
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with the FM sublattice of the reduced graphene in which iron forms bonds with dangling cores of the
–C=C sublayer.
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Author Contributions: Conceptualization, S.R. and D.S; methodology, F.O. and R.D.; validation, P.K.; formal
analysis, A.K. and P.K.; investigation, A.K. and J.P., and M.P.; data curation, F.O., J.P. and M.P.; writing—original
draft preparation, S.R. and D.S.; visualization, F.O. and R.D.; supervision, S.R., D.S. and F.O. All authors have read
and agreed to the published version of the manuscript.

Funding: The research was supported by the Technology Agency of the Czech Republic (project n. TN01000008)
and by the Czech Academy of Sciences (project RVO:68081731). We acknowledge Internal Grant Agency of Brno
University of Technology, grant No. FEKT-S-20-6352, Ministry of Education, Youth and Sports of the Czech
Republic under the project CEITEC 2020 (LQ1601). CzechNanoLab project LM2018110 funded by MEYS CR
is gratefully acknowledged for the financial support of the measurements/sample fabrication at CEITEC Nano
Research Infrastructure.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Baek, S.-H.; Choi, S.; Kim, T.L.; Jang, H.W. Domain engineering in BiFeO3 thin films. Curr. Appl. Phys. 2017,
17, 688–703. [CrossRef]

2. Guo, R.; You, L.; Zhou, Y.; Lim, Z.S.; Zou, X.; Chen, L.; Ramesh, R.; Wang, J. Non-volatile memory based on
the ferroelectric photovoltaic effect. Nat. Commun. 2013, 4, 1990. [CrossRef]

3. Vila-Fungueiriño, J.M.; Gomez, A.; Antoja-Lleonart, J.; Gazquez, J.; Magen, C.; Noheda, B.;
Carretero-Genevrier, A. Direct and converse piezoelectric responses at the nanoscale from epitaxial BiFeO3

thin films grown by polymer assisted deposition. Nanoscale 2018, 10, 20155–20161. [CrossRef]
4. Huang, C.; Chen, L. Effects of Interfaces on the Structure and Novel Physical Properties in Epitaxial

Multiferroic BiFeO3 Ultrathin Films. Materials 2014, 7, 5403–5426. [CrossRef]
5. Steffes, J.; Ristau, R.A.; Ramesh, R.; Huey, B.D. Thickness scaling of ferroelectricity in BiFeO3 by tomographic

atomic force microscopy. Proc. Natl. Acad. Sci. USA 2019, 116, 2413–2418. [CrossRef]
6. Graf, M.; Sepliarsky, M.; Machado, R.; Stachiotti, M. Dielectric and piezoelectric properties of BiFeO3 from

molecular dynamics simulations. Solid State Commun. 2015, 218, 10–13. [CrossRef]
7. Jeon, J.H.; Joo, H.-Y.; Kim, Y.M.; Lee, D.H.; Kim, J.-S.; Kim, Y.S.; Choi, T.; Park, B.H. Selector-free resistive

switching memory cell based on BiFeO3 nano-island showing high resistance ratio and nonlinearity factor.
Sci. Rep. 2016, 6, 23299. [CrossRef]

8. Jiang, A.Q.; Zhang, Y. Next-generation ferroelectric domain-wall memories: Principle and architecture. NPG
Asia Mater. 2019, 11, 2. [CrossRef]

9. Shima, H.; Naganuma, H.; Okamur, S. Optical Properties of Multiferroic BiFeO3 Films. In Materials
Science—Advanced Topics; IntechOpen: London, UK, 2013.

10. Zhu, M.; Du, Z.; Liu, Q.; Chen, B.; Tsang, S.H.; Teo, E.H.T. Ferroelectric BiFeO3 thin-film optical modulators.
Appl. Phys. Lett. 2016, 108, 233502. [CrossRef]

11. Liou, Y.-D.; Chiu, Y.-Y.; Hart, R.T.; Kuo, C.-Y.; Huang, Y.-L.; Wu, Y.-C.; Chopdekar, R.V.; Liu, H.-J.; Tanaka, A.;
Chen, C.-T.; et al. Deterministic optical control of room temperature multiferroicity in BiFeO3 thin films. Nat.
Mater. 2019, 18, 580–587. [CrossRef]

12. Pisarev, R.V.; Moskvin, A.S.; Kalashnikova, A.M.; Rasing, T. Charge transfer transitions in multiferroic BiFeO3

and related ferrite insulators. Phys. Rev. B 2009, 79, 79. [CrossRef]
13. Si, Y.-H.; Xia, Y.; Shang, S.-K.; Xiong, X.-B.; Zeng, X.; Zhou, J.; Li, Y.-Y. Enhanced Visible Light Driven

Photocatalytic Behavior of BiFeO3/Reduced Graphene Oxide Composites. Nanomaterials 2018, 8, 526.
[CrossRef]

14. Pan, H.; Ma, J.; Ma, J.; Zhang, Q.; Liu, X.; Guan, B.; Gu, L.; Zhang, X.; Zhang, Y.-J.; Li, L.; et al. Giant energy
density and high efficiency achieved in bismuth ferrite-based film capacitors via domain engineering. Nat.
Commun. 2018, 9, 1813. [CrossRef]

http://www.mdpi.com/2079-4991/10/10/1990/s1
http://dx.doi.org/10.1016/j.cap.2017.02.016
http://dx.doi.org/10.1038/ncomms2990
http://dx.doi.org/10.1039/C8NR05737K
http://dx.doi.org/10.3390/ma7075403
http://dx.doi.org/10.1073/pnas.1806074116
http://dx.doi.org/10.1016/j.ssc.2015.06.002
http://dx.doi.org/10.1038/srep23299
http://dx.doi.org/10.1038/s41427-018-0102-x
http://dx.doi.org/10.1063/1.4953201
http://dx.doi.org/10.1038/s41563-019-0348-x
http://dx.doi.org/10.1103/PhysRevB.79.235128
http://dx.doi.org/10.3390/nano8070526
http://dx.doi.org/10.1038/s41467-018-04189-6


Nanomaterials 2020, 10, 1990 14 of 17

15. Qiao, Z.; Ren, W.; Chen, H.; Bellaiche, L.; Zhang, Z.; Macdonald, A.H.; Niu, Q. Quantum Anomalous Hall
Effect in Graphene Proximity Coupled to an Antiferromagnetic Insulator. Phys. Rev. Lett. 2014, 112, 112.
[CrossRef]

16. Kumar, P.; Sharma, V.; Reboredo, F.A.; Yang, L.-M.; Pushpa, R. Tunable magnetism in metal adsorbed
fluorinated nanoporous graphene. Sci. Rep. 2016, 6, 31841. [CrossRef]

17. Huang, D.J.; Jeng, H.-T.; Chang, C.-F.; Guo, G.Y.; Chen, J.; Wu, W.P.; Chung, S.-C.; Shyu, S.G.; Wu, C.C.;
Lin, H.-J.; et al. Orbital magnetic moments of oxygen and chromium inCrO2. Phys. Rev. B 2002, 66, 174440.
[CrossRef]

18. Yuan, H.; Chen, H.; Kuang, A.; Wu, B. Spin–orbit effect and magnetic anisotropy in Pt clusters. J. Magn.
Magn. Mater. 2013, 331, 7–16. [CrossRef]

19. Shin, H.W.; Son, J.Y. Multiferroic BiFeO3 thin films and nanodots grown on highly oriented pyrolytic graphite
substrates. J. Cryst. Growth 2017, 480, 13–17. [CrossRef]

20. Catalan, G.; Scott, J.F. Physics and Applications of Bismuth Ferrite. Adv. Mater. 2009, 21, 2463–2485.
[CrossRef]

21. Zhu, J.; Chen, M.; Qu, H.; Luo, Z.; Wu, S.; Colorado, H.A.; Wei, S.; Guo, Z. Magnetic field induced capacitance
enhancement in graphene and magnetic graphene nanocomposites. Energy Environ. Sci. 2013, 6, 194–204.
[CrossRef]

22. Miao, Q.; Zeng, M.; Zhang, Z.; Lu, X.; Dai, J.; Gao, X.; Liu, J.-M. Self-assembled nanoscale capacitor cells
based on ultrathin BiFeO3 films. Appl. Phys. Lett. 2014, 104, 182903. [CrossRef]

23. Kartavtseva, M.; Gorbenko, O.; Kaul, A.; Murzina, T.; Savinov, S.; Barthélémy, A. BiFeO3 thin films prepared
using metalorganic chemical vapor deposition. Thin Solid Films 2007, 515, 6416–6421. [CrossRef]

24. Huang, Y.Q. Study on preparation and property of BiFeO3 thin films by PLD. Gongneng Cailiao/J. Funct. Mater.
2013, 44, 1469–1471. [CrossRef]

25. Cha, J.; Ahn, J.; Lee, K.; JeongOk, C.; JeungSun, A.; KwangBae, L. Multiferroic BiFeO3 Thin Films Prepared by
Using a Conventional RF Magnetron Sputtering Method. J. Korean Phys. Soc. 2009, 54, 844–848. [CrossRef]

26. Akbashev, A.R.; Chen, G.; Spanier, J.E. A Facile Route for Producing Single-Crystalline Epitaxial Perovskite
Oxide Thin Films. Nano Lett. 2013, 14, 44–49. [CrossRef]

27. Marchand, B.; Jalkanen, P.; Tuboltsev, V.; Vehkamäki, M.; Puttaswamy, M.; Kemell, M.; Mizohata, K.;
Hatanpää, T.; Savin, A.M.; Räisänen, J.; et al. Electric and Magnetic Properties of ALD-Grown BiFeO3 Films.
J. Phys. Chem. C 2016, 120, 7313–7322. [CrossRef]

28. Coll, M.; Gazquez, J.; Fina, I.; Khayat, Z.; Quindeau, A.; Alexe, M.; Varela, M.; Trolier-McKinstry, S.;
Obradors, X.; Puig, T. Nanocrystalline Ferroelectric BiFeO3 Thin Films by Low-Temperature Atomic Layer
Deposition. Chem. Mater. 2015, 27, 6322–6328. [CrossRef]

29. Cavanagh, A.S.; Wilson, C.A.; Weimer, A.W.; George, S.M. Atomic layer deposition on gram quantities of
multi-walled carbon nanotubes. Nanotechnol. 2009, 20, 255602. [CrossRef]

30. Xuan, Y.; Wu, Y.Q.; Shen, T.; Qi, M.; Capano, M.A.; Cooper, J.A.; Ye, P.D. Atomic-layer-deposited
nanostructures for graphene-based nanoelectronics. Appl. Phys. Lett. 2008, 92, 013101. [CrossRef]

31. Young, M.J.; Musgrave, C.B.; George, S.M. Growth and Characterization of Al2O3 Atomic Layer Deposition
Films on sp2-Graphitic Carbon Substrates Using NO2/Trimethylaluminum Pretreatment. ACS Appl. Mater.
Interfaces 2015, 7, 12030–12037. [CrossRef]

32. Wang, X.; Mao, W.; Wang, Q.; Zhu, Y.; Min, Y.; Zhang, J.; Yang, T.; Yang, J.; Li, X.; Huang, W. Low-temperature
fabrication of Bi25FeO40 /rGO nanocomposites with efficient photocatalytic performance under visible light
irradiation. RSC Adv. 2017, 7, 10064–10069. [CrossRef]

33. Knápek, A.; Sobola, D.; Tománek, P.; Pokorná, Z.; Urbánek, M. Field emission from the surface of highly
ordered pyrolytic graphite. Appl. Surf. Sci. 2017, 395, 157–161. [CrossRef]

34. Papež, N.; Sobola, D.; Škvarenina, L’.; Skarvada, P.; Hemzal, D.; Tofel, P.; Grmela, L. Degradation analysis of
GaAs solar cells at thermal stress. Appl. Surf. Sci. 2018, 461, 212–220. [CrossRef]

35. Jalil, M.A.; Chowdhury, S.S.; Alam Sakib, M.; Yousuf, S.M.E.H.; Ashik, E.K.; Firoz, S.H.; Basith, M.A.
Temperature-dependent phase transition and comparative investigation on enhanced magnetic and optical
properties between sillenite and perovskite bismuth ferrite-rGO nanocomposites. J. Appl. Phys. 2017, 122,
084902. [CrossRef]

http://dx.doi.org/10.1103/PhysRevLett.112.116404
http://dx.doi.org/10.1038/srep31841
http://dx.doi.org/10.1103/PhysRevB.66.174440
http://dx.doi.org/10.1016/j.jmmm.2012.10.039
http://dx.doi.org/10.1016/j.jcrysgro.2017.10.006
http://dx.doi.org/10.1002/adma.200802849
http://dx.doi.org/10.1039/C2EE23422J
http://dx.doi.org/10.1063/1.4875617
http://dx.doi.org/10.1016/j.tsf.2006.11.133
http://dx.doi.org/10.3969/j.issn.1001-9731.2013.10.022
http://dx.doi.org/10.3938/jkps.54.844
http://dx.doi.org/10.1021/nl4030038
http://dx.doi.org/10.1021/acs.jpcc.5b11583
http://dx.doi.org/10.1021/acs.chemmater.5b02093
http://dx.doi.org/10.1088/0957-4484/20/25/255602
http://dx.doi.org/10.1063/1.2828338
http://dx.doi.org/10.1021/acsami.5b02167
http://dx.doi.org/10.1039/C6RA27025E
http://dx.doi.org/10.1016/j.apsusc.2016.05.002
http://dx.doi.org/10.1016/j.apsusc.2018.05.093
http://dx.doi.org/10.1063/1.4985840


Nanomaterials 2020, 10, 1990 15 of 17

36. Zhang, Y.; Wang, Y.; Qi, J.; Tian, Y.; Sun, M.; Zhang, J.; Hu, T.; Wei, M.; Liu, Y.; Yang, J. Enhanced Magnetic
Properties of BiFeO3 Thin Films by Doping: Analysis of Structure and Morphology. Nanomaterials 2018, 8,
711. [CrossRef]
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